Introduction
Spectroscopic catalogues for atmospheric applications (notably GEISA [1] and HITRAN [2] ) have reported the rotational and rotational-vibrational spectral line parameters across visible, infrared and microwave wavelength regions, as well as some cross-section data on broadband absorbers and collision-induced absorption [3] . However, they have not yet included information relevant to the water vapour continuum which pervades these same spectral regions. Instead, the default description of the water vapour continuum has generally been the semi-empirical CloughKneizys-Davies (CKD) continuum and its successor MlawerTobin-CKD (MT_CKD) (see especially [4, 5] ). CKD and MT_CKD have been widely used in atmospheric radiative transfer codes for applications including numerical weather prediction, climate modelling and remote sensing.
For understanding radiative fluxes in the Earth's atmosphere, it is the continuum in the windows between the dominant features in the water vapour spectrum (the pure rotational lines, at wavelengths less than 20 lm, and the many rotational-vibrational bands) that is of most significance. Within the main absorbing regions, continuum absorption is generally dominated by spectral-line absorption, with some exceptions. Although it may be of lesser importance in determining fluxes, the in-band continuum holds important clues as to the continuum's physical origin [6] [7] [8] .
Historically, most attention has focused on the mid-infrared (800-1250 cm À1 , 8-12 lm) window (see [9] for references), which has a major influence on radiative fluxes (e.g. [10] [11] [12] ), especially in atmospheres with high absolute humidity. To a lesser extent, the window centred on 2600 cm À1 (about 3.85 lm) has also been the subject of many studies (e.g. [13] [14] [15] [16] ). More recently, attention has begun to focus on several shorter wavelength near-infrared windows (which we define here to be 2500-14,300 cm À1 (0.7-4 lm)) where, prior to the year 2000, there were hardly any measurements. These windows are of atmospheric importance because they contain significant fluxes of solar radiation (e.g. [17] ). They are also widely used for satellite-based sensing of gaseous abundances, notably carbon dioxide and methane (e.g. [18] [19] [20] ), and cloud and surface properties (e.g. [21, 22] ).
In order to illustrate some of the issues that will have to be resolved before the water vapour continuum can be included in some form on spectroscopic databases, this paper particularly focuses on 2 of these windows, centred on about 6300 and 4700 cm À1 (1.6 and 2.1 lm). In these windows there have been a number of recent laboratory measurements which have highlighted important characteristics of the continuum absorption but also revealed significant and, as yet, unresolved disagreements. The nature of these disagreements, and prospects for future progress in resolving these, will be discussed with mention of the situation in other windows where appropriate.
Some characteristics of the water vapour continuum

Definitions
Since the work of Bignell [13] it has been clearly recognised that there are two distinct components to the water vapour continuum: (i) a self-continuum, which is interpreted as the interaction between water vapour molecules (such as collisions or the formation of some bound complex) and whose strength scales closely with the vapour pressure squared and (ii) a foreign-continuum, due to interaction of water vapour with other molecules, and most importantly molecular nitrogen and oxygen when considering the Earth's atmosphere. The foreign-continuum depends linearly on the water vapour pressure and on the foreign gas pressure.
As a result, the continuum absorption coefficient of water vapour in air, a WC , is the sum of the self (WCS) and foreign 
where k B is the Boltzmann constant, T is temperature, P H 2 O and P F are the water vapour and foreign gas (here air) partial pressures, respectively, and C S and C F represent the self-and foreigncontinuum cross-sections, respectively, at a given temperature T, following the definition in Burch and Alt [14] . In the standard units adopted in this field, C S and C F are reported in cm 2 . Note that for comparison, the MT_CKD values of C S and C F [5] , which are normalised to the number density at 1 atm and 296 K, should be multiplied by the factor 296/T (e.g. [23] ).
Most, but not all (see Sections 3.1 and 3.2), available measurements of the self-continuum cross-section show a strong negative temperature dependence. By contrast, within measurement and analysis uncertainties, the foreign continuum appears independent of temperature in the range from about 300 to 430 K (see Section 3.3).
There is no unambiguous way of defining the water vapour continuum, and separating it from smoothly varying line absorption. However, some operational definition is needed to enable comparison between observations and to allow implementation of the continuum in radiative transfer codes. The most widespread definition is that used by CKD and MT_CKD [4, 5] . The line absorption is defined as the purely Lorentzian-broadened profile calculated above its value at 25 cm À1 from line centre. All line absorption further than 25 cm À1 from line centre, as well as the 25 cm À1 ''pedestal" on which the line sits, is assumed to be part of the continuum (see Fig. 1 of [4] ). At any wavenumber, the continuum is thus defined as the observed absorption that cannot be accounted for by line-by-line calculations using this assumed line profile for all lines within 25 cm À1 of that wavenumber. Using this definition, the derived continuum is not independent of the spectral line database used to derive it, and indeed should be updated as new information on water vapour lines (including all isotopologues) becomes available. However, in the near-infrared bands, the pedestal itself accounts for only 5-7% of the continuum, and it is much less important (around 1%) within the window regions (e.g. [24] ) which are the focus here.
Theoretical overview
Since this paper focuses on the observational evidence for the characteristics of the water vapour continuum, we largely sidestep the issue of the underlying physical cause, or causes, of the water vapour continuum absorption, which remains a vigorously debated area; greater confidence, stemming from a larger set of independent, cross-validated, experimental data is essential to judge the success, or otherwise, of theoretical explanations, and to guide new developments. Nevertheless, a brief overview will help frame the discussion. Up to now, there have been broadly two main ''competitor" explanations for the continuum, which should not be seen as mutually exclusive. Some history of the development of these ideas can be found in Ref. [9] .
The first explanation is far-wing theory. The CKD and MT_CKD descriptions have been based on the semi-empirical adjustment to the Lorentz line shape of water vapour lines; the adjustment was derived so as to fit available observations of the continuum mostly at wavenumbers less than 2200 cm
À1
. The resulting lineshape was then applied at all wavenumbers. In CKD, this adjustment led to both a super-Lorentzian component in the near-wing regions (10-100 cm À1 from line centre) with a sub-Lorentzian component beyond; the sub-Lorentzian component therefore dominates in the windows [4] . In MT_CKD, the super-Lorentzian component was replaced by a ''weak interaction term" where the weak interaction is between a water vapour molecule with another molecule (which could itself be water vapour) [5] . A quite different approach to far-wing line theory has been presented by Ma et al. [25, 26] , which has a more ab initio basis, but still ultimately requires empirical adjustment. A theoretical semi-classical approach has also been presented by Tvorogov and Rodimova [27] and developed in later work [28, 29] . This approach is acquiring a more semi-empirical nature due to the need to specify, on the basis of available observations, a large number of ad-hoc fitting parameters. The second interpretation is that water dimers are the cause of the continuum (see e.g. recent reviews by [6] [7] [8] ); an important part of the evidence for a role for dimers originates from theoretical estimates of the fraction of water dimers among all water pairs at close to room temperature [30] . Thermodynamic considerations indicate that dimers (whose concentrations scale with the square of the partial pressure of water vapour) will be present at the Earth's surface with typically one-thousandth of the partial pressure of water vapour itself (e.g. [31, 32] ). The role of these dimers in explaining the continuum has been reinvigorated in recent years by the advent of theoretical quantum chemistry calculations which yield predictions of the strengths and positions of the dimer's rotational lines at far-infrared and millimetre wavelengths [33] and components of the dimer vibrational spectra (e.g. [34, 35] ) at visible and near-infrared wavelengths. This has enabled the identification and assignment of the partiallyresolved rotational spectrum of water dimer lines in the microwave [36, 37] and the relatively broad spectral features due to the dimer in near-IR water vapour bands at near-atmospheric conditions (e.g. [23, [38] [39] [40] ). It has also been proposed that particular spectral features can be explained by the fact that, in addition to bound (or stable) dimers, quasi-bound (or metastable) dimers should also be important in atmospheric conditions [6, 36] . The quantitative analysis of these features, using a firstorder approximation for the spectra of quasi-bound dimers, was found to be in reasonable agreement with theoretical calculations for the fraction of quasi-bound dimers made earlier in Refs. [30, [41] [42] [43] .
In the near infrared, theoretical calculations of dimer absorption do not yet account for rotation and for vibrational intermolecular modes in the dimer, which is required for the calculation of the absorption within the windows. Hence, while the continuum within the windows has been suggested to be plausibly due to the dimer (e.g. [6, 44] ), the attribution is inconclusive; the calculations are based on idealised assumptions about the width and shape of the dimer sub-bands, and, so far, on rather qualitative analysis of its temperature dependence. However, the quantitative analysis of temperature dependence performed earlier in the mid-IR window [45] demonstrated good agreement between the predicted and observed temperature dependence (see also [46] ).
An alternative explanation of the water vapour continuum is that it is, at least partly, due to collision-induced absorption (CIA) (e.g. [5, 47, 48] ), which results from interactions between pairs of molecules. Baranov and Lafferty [48] drew attention to the spectral similarity of CIA bands due to non-polar molecules (such as CO 2 , N 2 and O 2 ) and the water vapour continuum, and asserted that dimer bands could not significantly contribute to continuum absorption far from their centres. This approach has been criticised in Ref. [6] and in more detail in Ref. [49] , partly because there is no commonly accepted definition of the term CIA (especially for polar molecules like water), and in some cases CIA spectra include a significant dimer contribution [50, 51] . It also remains essential to understand the quantitative contribution of different components of the bimolecular absorption to the observed continuum (some of which could be considered to contribute to CIA) such as free pairs and quasi-bound and true bound complexes. Until such understanding is in place, it appears difficult to establish a distinct role for CIA, relative to dimers.
Measurements of the water continuum in near-infrared windows
Overview of available measurements
Eight distinct windows can be identified in the infrared spectrum of water vapour, one centred on 1000 cm
À1
, between the pure rotational lines of water vapour and the m 2 vibrational band, and others between the successive vibrational bands, centred on about 2600, 4700, 6300, 8000, 9600, 11,500 and 13,000 cm À1 (see Fig. 1 for the structure to 10,000 cm À1 ). We do not adopt a tight definition of where a window starts and ends, but each is typically a few hundred cm À1 wide.
The continuum in the 1000 cm À1 window has been extensively studied; uncertainties remain in both its strength and the temperature dependence (e.g. [14, 46, [52] [53] [54] ) but these uncertainties are relatively small (around 10-15%) [54] . Although less studied, there is also a body of literature for the 2600 cm À1 window; most recent studies are in reasonable (within about 50%) agreement (see e.g. [6, 16, 23] [17, 23] ). (ii) Room-temperature FTS long-path measurements of the self-continuum [55, 57] (henceforth ''Tomsk" where the measurements were performed and analysed). (iii) Laser methods, namely continuous-wave cavity ring down spectroscopy (CW-CRDS) and optical-feedback cavity enhanced absorption spectroscopy (OF-CEAS) [58] [59] [60] [61] which were used to measure the self-and foreign continuum (henceforth ''Grenoble" where the measurements were performed and analysed). (iv) Bicknell et al. [62] using calorimetric-interferometry (CI), at room temperature (henceforth ''Bicknell"); this study did not separately derive the self-and foreign-continuum components.
The measurement of weak broad-band absorption signals, which characterise the continuum in near-infrared windows, is particularly challenging. The different techniques used in these studies have a variety of advantages and disadvantages. Except for the CI method, which is not an absolute absorption technique, the other techniques derive the continuum absorption by the difference of the light intensities transmitted through the absorption cell in the absence and in the presence of water vapour (and the foreign gas where appropriate). Consequently, the alignment of the spectrometer and the optical properties of the absorption cell must remain unaffected by the injection of water vapour. As discussed below, the resulting stability of the baseline during the cell filling and the entire measurement period is frequently the major error source.
The FTS method (as used in CAVIAR and Tomsk) has the advantage of being capable of measuring over a very broad wavenumber interval at high spectral resolution in a single measurement (2000-10,000 cm À1 at between 0.002 and 0.3 cm À1 spectral resolution in the case of CAVIAR). The baseline uncertainty, estimated in these experiments from the difference between background signals before and after the sample measurement, usually did not exceed 0.003-0.004 in optical depth, which for a total path length of $1000 m in a long-path cell gives a sensitivity of about 3-4 Â 10 À8 cm
. The detection of weak continuum signals normally requires the use of multi-pass absorption cells; these [5] calculated for pure water vapour at pressure 13.3 hPa and 296 K. The water monomer spectrum (grey) is simulated using HITRAN-2012 [2] and a Voigt line profile with 25 cm À1 wings cut-off. The lower panels zoom into the centre of the 4700 cm À1 and 6300 cm À1 window to show the numerous microwindows (between lines) that can be used for retrieval of the continuum absorption from highresolution experimental spectra. To reduce the propagation of uncertainties in water vapour line-parameters (which must be removed to derive the continuum), the derivation is carried out within micro-windows between the lines. Hence, line parameter uncertainty only becomes significant towards the edges of the windows.
As illustrated in Fig. 1 , which compares the water vapour lineabsorption with the MT-CKD2.5 continuum, even within the windows, there are many relatively strong lines which dominate over the continuum signal near their centre. The principal source of experimental error when retrieving the continuum in windows using FTS lies in the baseline uncertainty (slow drifts) rather than the short-term signal-to-noise ratio of the instrument. Typically, sequential measurements are made, first with an empty cell, followed by one with a non-absorbing gas (such as argon), followed by a water sample measurement, followed again by non-absorbing gas and empty cell measurements (see e.g. [23] for details). Minimising instrumental drifts throughout this sequence is essential. (In addition, and as will be noted in Section 3.2, for some of the room-temperature FTS measurements, the whole FTS spectrum was adjusted to assumed values of the continuum strength in either higher or lower wavenumber windows.) Achieving a high signal-to-noise ratio is also beneficial since it allows a shortening of the measurement time, which may reduce the amplitude of drifts occurring between the sample and the non-absorbing gas and empty-cell measurements. In addition, the measurement procedure involves sample flushing, which is prone to produce mechanical variations in the cell's optics.
The relative uncertainty in the continua measurements obtained with the FTS (and with other techniques) generally decreases with increased sample temperature (as higher vapour pressures can be used at higher temperature, ensuring a higher signal). The relatively long measurement time required for the FTS technique means that it is important to monitor the stability of the temperature and pressure of samples within the absorption cell to guard, for example, against the loss of water molecules on to the surfaces in the cell. As an example, in the case of CAVIAR [17, 23] , measurements took up to 1 h, with pressure and temperature monitored at about 1 s intervals, and the variation in these parameters was included in the error estimates. With the FTS configurations and method of error estimation so far used, Ptashnik et al. [17, 23] consider the FTS-retrieved continuum with 1 À r uncertainties of around 40-50% as ''rather reliable", 20-30% as ''rather good"; and below 20% as ''good". The relative weakness of the continuum absorption in near-IR windows, and difficulties with the pure water vapour measurements, lead to the total uncertainties in the retrieved self-continuum from FTS being only rarely below 10%. In some spectral regions, the uncertainty in the FTSretrieved continuum exceeds 50%, which is considered to provide some, at least, ''semi-quantitative" information.
The CW-CRDS and OF-CEAS techniques used at Grenoble are both highly sensitive techniques based on the coupling of a laser with high finesse optical cavities. Both techniques offer a 4-decades dynamic range over an absolute, linear absorbance scale. CRDS and OF-CEAS exhibit a much higher sensitivity than FTS, but the measurements are limited to a few spectral intervals corresponding to the light frequency emitted by the available lasers. An advantage of these laser techniques is that they allow real-time monitoring of the absorption signal at a chosen wavelength, for instance during a pressure ramp.
A CRDS spectrum is obtained from the wavelength dependence of the lifetime of photons trapped in the cavity formed by two high reflectivity mirrors constituting the CRDS cell [63] [64] [65] . The absorption coefficient, a(m), at a wavenumber m is determined from the measured cavity ring-down times, s and s 0 , when the cell is filled and evacuated, respectively:
where c is the speed of light. The Grenoble CRDS set-up uses a 1.4 m long stainless steel CRDS cell wall with a 11.5 mm inner diameter. A record sensitivity of a min % 5 Â 10 À13 cm À1 level has been reported when measuring absorption lines [65] . CRDS measurements of the self-continuum were performed near 4250 cm À1 (2.35 lm) [59] and for fifteen selected wavenumbers between 5875 and 6450 cm À1 in the 6300 cm À1 window [60, 61] [46] ; at about 944 cm À1 and 310 K, they found the FTS values to be about 20% higher; this difference was outside the stated uncertainties of the two measurements. The fact that the CRDS measurements are lower than the FTS measurements in this window may be of some relevance to the FTS-CRDS comparisons presented in Section 3.2, but we note that the continuum in the near-infrared windows is typically 10-100 times weaker than in the 1000 cm À1 window and hence the experimental challenges are much greater. The OF-CEAS technique [66] is an alternative to CRDS. It exploits optical feedback towards the diode-laser source occurring only at cavity resonances and allows optimised cavity injection by laser radiation. This is possible thanks to the adopted V-geometry of the high-finesse optical cavity. OF-CEAS generates repetitive spectral scans (several per second) in a small spectral region which contains few discrete absorption lines. Transmission spectra are obtained by dividing the cavity output signal by the reference laser power signal at each cavity-mode maximum. The inverse square root of this ratio is proportional to the cavity-loss rate with negligible error [67] . The proportionality factor is obtained by a ring-down measurement which is realised at the end of each laser scan [68] . Hence, OF-CEAS spectra are converted to cavity-loss spectra with an absolute absorption scale. While similar to CRDS, OF-CEAS allows a much faster profiling of a small spectral region; this is advantageous when measuring absorption continua as it yields information on the evolution of the spectral baseline together with the discrete absorption line profiles superposed on it, during rapid pressure ramps.
The Grenoble OF-CEAS continuum measurements were performed at 4302 and 4723 cm À1 using a V shape 493 mm long and 6 mm diameter cavity in a flow regime (while CRDS measurements were performed with static cells). The spectrum baseline was found to be affected by less than 10 À9 cm À1 by the injection of air up to 27 hPa which represents about 2% compared to the smallest values measured with 21 hPa water vapour (about 5 Â 10 À8 cm À1 at 4723 cm À1 ).
The CI technique used in Ref. [62] (and also in Ref. [56] in the study of the water vapour continuum absorption at 9466 cm À1 ) is based on the interferometric detection of the optical path differ-K.P. Shine et al. / Journal of Molecular Spectroscopy xxx (2016) xxx-xxxence between two arms. More precisely, the CI absorption signal is obtained from the shift of the fringes induced by gas heating in one of the two arms of the interferometer where a (pulsed) excitation laser is co-aligned with the probe beam. As the same cell is inserted in the two arms of the interferometer, this approach should also be only weakly sensitive to the adsorbed water on the cell windows and to any kind of attenuation caused by scattering, which is not the case for FTS and laser absorption methods. However, the CI technique is not a direct measurement of absorption of radiation, and has to be calibrated using known absorption lines. Bicknell et al. [62] calibrated the continuum absorption at 1.63 and 2.17 lm using methane absorption at a different wavelength (2.2 lm). The calibration procedure supposes no change of the overlap geometry between the probe and excitation beams and of the shape of the pulsed excitation beam at the different wavelengths. While Fulghum and Tilleman [56] underlined the importance of monitoring the overlapping of the beam profile, Bicknell et al. [62] did not mention this issue, and thus it is not clear whether it was taken into account in the reported error bars. The method is nevertheless rather sensitive, allowing detection of absorption down to 10 À10 cm À1 (e.g. [56] ). We note that the Bicknell paper [62] is rather brief and does not give full details of the experimental set-up (for example, the exact vapour pressures used for measurements in the 6200 cm À1 window and how the baseline stability is assessed) nor does it examine the pressure dependence of the derived continuum; this has significantly limited our ability to analyse their results and compare with other work. The continuum derived using these techniques are compared with MT_CKD Version 2.5 [5] , because this continuum formulation is widely used (see Fig. 1 ). Within the two windows MT_CKD2.5 has not been constrained directly by measurements. Interestingly, the measurements of Ref. [62] (near 4600 cm À1 and 6140 cm À1 ) and Ref. [56] (at 9466 cm À1 ) mentioned above were used as part of the justification for applying a scaling factor that increased the strength of the 2600 cm À1 window selfcontinuum by up to a factor of 10, relative to earlier MT_CKD versions. These scaling factors strengthen the continuum relative to what is calculated using the line shape formulation in the 2600 cm À1 (see Section 2.2) window, but the unmodified line shape formulation is still used in Ref. [5] to derive the continuum strength in the 4700 and 6300 cm À1 windows. It is important to bear in mind, when comparing MT_CKD with observations, that MT_CKD does not report the uncertainty in their continuum.
Other descriptions of the continuum are also available. The Tipping and Ma [69] far-wing theoretical model gives values of the continuum broadly similar to those in MT_CKD2.5 in the 4700 and 6300 cm À1 windows (see e.g. Fig. 3 of Ref. [9] ). Paynter and Ramaswamy [70, 71] have also produced a continuum model via a combination of MT_CKD2.5 and some of the measurements discussed in Sections 3.2 and 3.3.
3.2. Self-continuum 3.2.1. The 4700 cm À1 window
As shown in Table 1 , all four groups (CAVIAR, Tomsk, Grenoble, Bicknell) have reported measurements in at least part of the 4700 cm À1 window. CAVIAR and Grenoble present information on the temperature dependence. Bicknell's [62] CI measurements of the total continuum near 4600 cm À1 have been interpreted as being consistent with 6-12 times greater than the MT_CKD self-continuum [5] assuming that the self-continuum dominates; this assumption is itself subject to uncertainty (see Section 3.3). As illustrated in Fig. 2 , in the centre of the window (approx. 4400-4800 cm À1 ), CAVIAR short-path FTS self-continuum crosssections [23] are systematically higher than MT_CKD2.5 by between factors of 6 at 350 K, and a factor of 30 at 472 K; these differences exceed measurement uncertainty by an order of magnitude. Long-path measurements at 293 K are also stronger than MT_CKD2.5 by up to a factor of 30, but with much lower confidence (Fig. 3) . Towards the edge of the window between 350 and 431 K, CAVIAR is lower than MT_CKD2.5 by typically a factor of 2. Many of the short-path measurements at temperatures greater than 350 K were repeated at several vapour pressures and the measured optical depth was shown to vary as the square of the vapour pressure [23] within the uncertainty of the measurements, as expected for the self-continuum (see Section 2.1). The Tomsk FTS long-path measurements [55] were performed at 290 and 318 K. In this set of measurements, the baseline stability was assessed by comparing empty and full cell measurements; the baseline stability at around 9300 cm À1 was monitored and shown to be reliable, such that the signal at that wavenumber needed to be adjusted, on average, by less than 0.5% to ensure empty and full cell signals were equal; without this adjustment, the derived cross-sections would be higher. This assumes that the continuum is negligible at 9300 cm À1 for such measurement conditions. While little information is available to fully justify this, Fulghum and Tilleman's [56] near-room temperature measurement of the self-plus foreign-continuum at 9466 cm
, about a factor of 2 greater than MT_CKD2.5 at this wavenumber. Assuming the 9300 cm À1 value is an order of magnitude stronger than this (as it is nearer the edge of the window than the measurement of [56] ), it would still be about a factor of 100 weaker than the Tomsk-derived continuum at 4700 cm
. It is noteworthy that the Tomsk FTS results indicate that while the room-temperature self-continuum is roughly constant between the centres of the 2500, 4700 and 6300 cm À1 windows (Fig. 3 -the 6300 cm À1 window will be discussed in Section 3.2.2), it would need to fall by two-to-three orders of magnitude by 9600 cm À1 to be consistent with the implied weak continuum in the 9300 cm À1 window.
The Tomsk 290 K results are in reasonable agreement with CAVIAR 293 K results (within 30-40%, accounting for the slightly different measurement temperatures) (Fig. 3) , and well within the measurement uncertainties. The Tomsk relative uncertainties are a factor of 2 lower than CAVIAR, because of better baseline stability and longer path length.
Ptashnik et al. [57] reported a repeat of the Tomsk FTS measurements at 287 K using a longer optical path-length and new mirrors (see Fig. 3) ; the new results are a factor of %1.5 lower than [55] due mostly to a different choice of baseline adjustment; the absolute level of the measurements was adjusted to be the same as MT_CKD2.5 at 287 K in the 2500 cm À1 window where most recent assessments are in reasonable agreement (see Fig. 3 ). MT_CKD2.5 was chosen as it is the lowest of the more recent estimates of the strength of the continuum in the 2500 cm À1 window and so can be considered a ''conservative" choice. Therefore, the main aim of measurements in [57] was to derive the relative values of the strength of the self-continuum absorption, in near-IR windows relative to MT_CKD2.5 at 2500 cm À1 .
The high-sensitivity CRDS [59] and OF-CEAS [58] selfcontinuum measurements were made at 4 wavenumbers towards . The Bicknell et al. [62] selfcontinuum cross-sections were estimated here by subtracting from the total continuum absorption derived in that work the contribution of the foreign continuum using the high-temperature CAVIAR experiments [17] , assuming very weak T-dependence of the foreign continuum. The reported error-bars of the Grenoble 2015 data lie within the symbol size. Also shown are the self-continuum from the MT_CKD2.5 [5] and Tipping and Ma [69] models. , respectively. The room temperature Grenoble self-continuum cross-sections are included in Fig. 3 . By contrast with the CAVIAR/Tomsk FTS C S values, at the centre of the window, the measurements are within a factor of 5 of MT-CKD2.5, and hence much closer to MT_CKD2.5 than the room-temperature FTS measurements. This offset is roughly constant with temperature, across the 296-323 K temperature range of the OF-CEAS measurements (Fig. 5) . While not formally outside the uncertainty estimates of the CAVIAR roomtemperature values, the Grenoble data are outside those derived for the Tomsk measurements. Although not at the same wavenumber as the Bicknell CI measurements, and noting the difficulties in separating out the self-and foreign-continuum components of those measurements, the OF-CEAS measurements are consistent with Bicknell in this window. Away from the centre of the window, the CRDS and OF-CEAS measurements near 4250 cm À1 are 20-40% higher than MT_CKD2.5, and lie within the uncertainties of the Tomsk FTS measurements.
As discussed in detail in Ref. [58] , taken together the CRDS/ OF-CEAS measurements and the short-path CAVIAR measurements at 350 K and above agree with a simple exp (D/kT) temperature dependence where the derived D is also quite consistent with the dissociation energy (D 0 $ 1105 cm À1 ) of the bound water dimer (Fig. 5) . However, as pointed out in Ref. [58] , the interpretation of this agreement is not straightforward and should be treated with caution. Based on a simple model, Vigasin [45] suggested the temperature dependence of the dimer absorption cross-section is proportional to T 2Àn exp(D 0 /kT), where n is a parameter related to the number of rotational and vibrational degrees of freedom in the dimer, which can itself be a function of temperature. As shown by Ref. [45] , n = 1.63 (which is close to the harmonic oscillator approximation where n = 1.5) agrees reasonably well with the observed temperature dependence of the self-continuum in the microwave and in the mid-infrared window at close to room temperature (see also [46] ). But it is less clear if it is applicable in the near-infrared (see also Section 3.2.2). The temperature dependence of the self-continuum in the neighbouring 2500 cm À1 window does not support a simple exp (D/kT) extrapolation (Fig. 6) . FTS measurements by CAVIAR [23] and Baranov and Lafferty [16] , covering 290-450 K, show a significant change in the log-scaled slope. By contrast, the older Burch and Alt [14] results (Fig. 6) show a less marked temperature dependence; however, below 350 K, these measurements do not agree with any of the 3 more recent FTS studies, nor with MT_CKD2.5. A possible qualitative explanation of the different temperature dependences was suggested by Pavlyuchko and Vigasin [72] (see also [6] ). They suggested that the transition between stable and quasi-bound dimers as the dominant contributors to the dimer population could lead to a deviation from the pure exponential form; such a transition should occur close to room temperature [41, 42] . This reasoning was used in Ref. [6] to tentatively attribute the stronger T-dependence at near-room temperature in the near-infrared windows to this transition. One feature of note in comparing the continuum strength in the 2500 cm À1 and 4700 cm À1 windows (see Fig. 3 ) is that in all the CAVIAR and Tomsk FTS measurements, the minimum in the 4700 cm À1 window is as high, if not higher, than the minimum in the 2500 cm À1 window. There is much more confidence in this conclusion in the higher-temperature CAVIAR measurements (Fig. 2) , where the uncertainties are much smaller than at room temperature (Fig. 3) . Much earlier high-temperature (575 K and above) measurements using a grating interferometer by Hartmann et al. [73] (the values are presented in Ref. [23] in the continuum units used in this paper), suggest the same behaviour although they do not reach the wavenumbers of the minimum in the 4700 cm À1 window. Figs. 2 and 3 show the same feature in the theoretical Tipping and Ma [69] model and in MT-CKD2.4. (It is not appropriate to compare the relative strength of MT-CKD2.5 in these two windows; as discussed in Section 3.1, Ref. [5] noted the likely need to adjust the strengths in both windows, but for MT-CKD2.5 they only did so for the 2500 cm À1 window.) If this similarity in continuum strength in these two windows is a robust feature, then there is an important corollary. The roomtemperature OF-CEAS and Bicknell measurements in the 4700 cm À1 are much lower than the recent FTS measurements (and MT-CKD2.5) in the 2500 cm À1 ; this may be evidence that the continuum strength in the 2500 cm À1 window in FTS measurements and MT-CKD2.5 is itself overestimated by around a factor of 5. This emphasises the need for different techniques to be applied in all relevant window regions. It is also important to test whether the relative strengths of the continuum in neighbouring windows, as derived by FTS measurements, are robust over the full temperature range.
The 6300 cm À1 window
The four experimental groups have also reported measurements in at least part of the 6300 cm À1 window (Table 1) . CAVIAR
and Grenoble present information on the temperature dependence.
Bicknell's room temperature CI measurement of the self-plus foreign-continuum near 6150 cm À1 were found to be typically 9 times stronger than MT_CKD [62] ; the self-continuum itself would be about factor of 5 stronger if the CAVIAR estimate of the foreign continuum (see Section 3.3) is removed from the total continuum, noting the considerable uncertainty in this correction. The CAVIAR FTS continuum retrievals (Fig. 2) were only possible at temperatures above 374 K in the core of the window, with some measurements at 293 K and 350 K at the edges of the window where the continuum was stronger. In the core of the window, as in the 4700 cm À1 window, CAVIAR is considerably stronger than MT_CKD2.5, by about an order of magnitude, while towards the edge of the window, this ratio falls until CAVIAR is weaker than MT_CKD2.5 by about a factor of 2. One notable (and unexplained) feature, compared to the 4700 cm À1 window, is that the CAVIAR/ MT_CKD ratio is much more constant with temperature, and essentially identical between 374 and 431 K (see Fig. 2b ). Since the MT_CKD temperature dependence is identical in all windows, this strongly suggests that the temperature dependence of the continuum varies significantly from window to window. This feature would have to be explained in any comprehensive theoretical description of the continuum. The Tomsk FTS measurements [55] (Fig. 3) found an unexpectedly strong room-temperature self-continuum, more than a factor of 100 greater than MT_CKD2.5 in the centre of the window, and so quite different in this respect to the higher-temperature CAVIAR measurements (Fig. 2) . The uncertainty in the centre of the window is large, exceeding 50% of the central estimate, so that the measured absorption signals exceeds the baseline uncertainty by less than a factor of 2. However, even if the derived continuum is at the lower end of this 1-r uncertainty range, it would still be much stronger than MT_CKD2.5. Towards the edges of the window (near 5600 cm À1 ), CAVIAR and Tomsk agree, within their respective uncertainties, and agree with MT_CKD2.5. Ptashnik et al. [55] explored possible reasons that may have an overestimate in the centre of this window; this included the influence of engine oil contamination (from the vacuum pumps) in the cell, and the formation of droplets and adsorption of water vapour on the mirrors, but none provided a compelling explanation.
As in the 4700 cm À1 window, the continuum strength derived in Ref. [57] (see Section 3.2.1) in this window, are a factor of %1.5 lower than in Ref. [55] (Fig. 3 ). Nevertheless they remain much stronger than other analyses. The possibility of some unidentified absorption or baseline shift in the large-cell FTS measurements still cannot be excluded. Given the degree of agreement between the CAVIAR and Tomsk FTS measurements in the 4700 cm À1 and 2500 cm À1 windows (Fig. 3) , however, that absorption (or baseline deviation) would have to manifest itself in the same way in both FTS systems. Such a similar baseline deviation is considered rather unlikely. Mondelain et al. [60, 61] measured the continuum at 10 wavenumbers in the 6300 cm À1 window using the Grenoble CRDS set-up. We will focus on Ref. [60] ; the results are felt to be more reliable and also include temperature dependence. Their results (Fig. 3) , and the CAVIAR FTS high-temperature measurements (Fig. 2) , show the continuum in the centre of this window to be more than a factor of 10 weaker than in the 4700 cm À1 window;
by contrast, in the room temperature Tomsk FTS measurements, the continuum strength is significantly stronger, and of approximately the same strength at the centre of the two windows (Fig. 3) . For the weaker continuum in the 6300 cm À1 window (corresponding to an absorption coefficient of 10 À9 cm À1 for a 13 hPa water pressure), the pressure dependence was not found to be purely quadratic as was the case at 4300 cm À1 (Fig. 4 ), but included a linear dependence in vapour pressure. Mondelain et al. [60] interpreted this linear term contribution to be due to adsorption of water on the mirrors in the cell; the quadratic term was used to derive the self-continuum cross section. At the centre of the window, and at higher vapour pressures, about 30% of the observed extinction was attributed to the condensate and then subtracted from the measured signal. Mondelain et al. [60] noted that for the weaker continuum in this window there was also a possible contribution of systematic error in these experiments related to the absorbate that was not fully quantified. This systematic error was estimated to be no more than 10% at the centre of the window. Mondelain et al. [60] found the near-room-temperature (302 K) continuum to be about 60 times weaker (after accounting for temperature dependence) than that found by Ref. [55] near the centre of the window, and about 10 times weaker at the lowest wavenumber measured by CRDS (see Fig. 3 ). It was also factor of 5 weaker than the self-continuum estimated by Ref. [62] (again, noting the uncertainty in this estimate). At 302 K, the measurements agree with MT_CKD2.5 within about 50%.
The temperature dependence found in the CRDS measurements is weaker than the CAVIAR FTS measurements at higher temperatures (see Fig. 7 ), and weaker than the observed dependence in the 2500 and 4700 cm À1 windows (Figs. 5 and 6 ). This is most marked near the centre of the window (Fig. 7b) . And while the CRDS results agree with MT_CKD2.5 within 50% at 302 K, they disagree by a factor of 3 at 340 K. At 6121 cm À1 (Fig. 7) , within the measurement uncertainties, the simple temperature extrapolation of the higher-temperature CAVIAR measurements is broadly consistent with the Bicknell CI measurement, which includes the self-and foreign continuum contributions. Fig. 7 shows that the room-temperature Tomsk measurements appear strongly inconsistent with all other measurements; to reconcile these, it would require a very strong upward curvature of the temperature dependence, relative to the higher-temperature measurements.
3.3. Foreign continuum in the 4700 and 6300 cm À1 windows
The only published broadband foreign-continuum measurements in these windows are the CAVIAR FTS measurements [17] for temperatures of 350-430 K. Mondelain et al. [59] report the CRDS-derived foreign continuum at 4250 cm À1 at 298 K. Both used dry synthetic air relevant to the atmosphere. The CRDS C F value was derived from a linear fit of the absorption signal for air pressures up to 1000 hPa (see Eq. (1)). The foreign-continuum derived from laboratory measurements is the difference between the total measured continuum and the self-continuum, and hence uncertainties in the self-continuum impact the derived foreigncontinuum. The foreign continuum appears approximately independent of temperature, within experimental uncertainty, both in these windows and in lower wavenumber windows [74, 75] ; this is an advantage as measurements at high vapour pressure (and hence temperature) remain relevant to the atmosphere. Fig. 8 shows the derived foreign continuum values from CAVIAR and Grenoble. The FTS uncertainties vary from around 10% at the edges of the windows where the continuum is strongest, to approaching 100% in the weaker parts, most notably between 6200 and 6500 cm
À1
. At 4250 cm
, CAVIAR and Grenoble are in reasonable agreement, with CAVIAR 1.7 times higher than Grenoble, with overlap between their uncertainty estimates (about 30% for both). By contrast both measurements are considerably stronger than MT_CKD2.5 -away from the very edges of the windows, the central estimates from CAVIAR are 5-100 times stronger, while the Grenoble value is 5 times higher (and closer to the CAVIAR value at the measured wavenumber).
Other supporting evidence for a much increased foreign continuum values comes from the degree of agreement between CAVIAR and the FTS measurements (with nitrogen, rather than air as the broadening gas) of [75] in the neighbouring 2500 cm À1 window (Fig. 8) . The observed foreign continuum does not solely involve water molecules. Although the strong N 2 -N 2 collision-induced absorption band in this region has been removed from the observed continuum [17] , the component of the nitrogen (or oxygen) absorption involving interaction with water molecules still gives the dominant contribution to foreign continuum absorption in this spectral region. Disagreement between the CAVIAR and Baranov values does not exceed 30-50% which lies within experimental uncertainty, and at 2500 cm À1 both are stronger than MT_CKD2.5 by a factor of more than 100. Although at the core of the 4700 cm À1 window (between about 4600 and 5000 cm
) the retrieved foreign-continuum is weaker than the continuum in the 2500 cm À1 window, it is of comparable strength, and with comparable uncertainties, to the 2500 cm À1 continuum, at wavenumbers less than 4600 cm À1 .
Synthesis
The available measurements of the self-continuum in the 4700 and 6300 cm À1 windows do not provide a picture which is consistent across all measurements and across both the windows which are the focus here. There is a strong indication that the MT_CKD2.5 continuum is generally too weak towards the centre of the 4700 cm À1 window, which is essentially acknowledged by [5] , but the degree by which it is too weak differs significantly amongst measurements and between temperatures. There is less consensus in the 6300 cm
À1
, where the Grenoble laser measurements roughly agree with MT-CKD2.5 near room temperature.
In the 4700 cm À1 window, the higher-temperature CAVIAR measurements and the lower temperature Grenoble measurements are consistent with a simple exponential law in 1/T over the 296-472 K temperature range. This is also the case at the edge of the 6300 cm À1 window, but is not the case near the centre of that window. The CAVIAR FTS results (see Fig. 9 in Ref. [23] and Figs. 5 and 7 here) indicate that between temperatures of 374 and 472 K, the slope of the temperature dependence at the centre of the 6300 cm À1 window is about twice that found at the centre of the 4700 cm À1 window. By contrast, in the Grenoble measurements, the temperature dependence (over the approximate range 300-330 K) in the centre of these two windows also differs by around a factor of 2, but it is now the 4700 cm À1 window which has the stronger dependence (see Figs. 5 and 7) . Although the actual form of the temperature dependence remains unclear, the available evidence indicates that the temperature dependence in these two windows does indeed differ. Further, the recent FTS measurements in the 2500 cm À1 window (Fig. 6) indicate that the assumption of the simple exponential law in 1/T does not hold in that window across the range 293-472 K. The Tomsk 297 K and 317 K measurements are outliers compared to other measurements. However, we note that although uncertainties are large, there is a good agreement between the Tomsk and CAVIAR room temperature cross-sections in the centre of the 4700 cm À1 and consistency with the more confident measurements of CAVIAR and other recent measurements in the 2500 cm À1 window (Fig. 3) . As noted in Section 3.2.1, it is important to assess whether this consistency is a reliable indicator. In addition, the use of alternative assumptions about temperature dependence, rather than the simple exponential law in 1/T, could make the room temperature measurements more consistent with the hightemperature CAVIAR measurements. However, it is much harder to use a similar argument in the centre of the 6300 cm À1 window, where the Tomsk FTS and Grenoble CRDS measurements differ by a factor 60 (compared to a factor of 5.5 in the 4700 cm À1 window) near room temperature (Fig. 7) . The near-constancy of the room temperature continuum across the 2500 cm À1 , 4700 cm À1 and 6300 cm À1 windows in the Tomsk FTS results is at variance with that found in the CRDS/OF-CEAS results in the 4700 and 6300 cm À1 windows. In addition, the 2013 Tomsk FTS [55] results were derived on the basis that the continuum at 9300 cm À1 was considered to be negligible. Hence these results would require a rapid decrease in continuum strength between the 6300 cm À1 and 9600 cm À1 windows to be consistent; further measurements in these higher wavenumber windows are needed. The C S values reported by CRDS in the centre of the 6300 cm À1 window correspond to an absorption coefficient at the level of a few 10 À9 cm À1 for a 13 hPa pressure. The absorption losses at the 10 À7 cm À1 level measured by the Tomsk FTS are incompatible with the CRDS observations. There is no doubt that the inherent sensitivity of laser methods is superior in measuring weak continuum absorption in the windows, and should be favoured. In addition, laser methods allow the retrieval of cross sections by fitting the pressure dependence of the observed absorption. In the 4700 cm À1 window, the CRDS and OF-CEAS pressure dependence was observed to be purely quadratic for the self-continuum and purely linear for the foreign continuum. In the 6300 cm À1 window, where the continuum is much weaker than in the 4700 cm À1 window, the pressure dependence of the self-continuum included a linear term which was interpreted to be due to water adsorbed on the CRDS mirrors. This is the reason why the CRDS C S error bars, which are on the order of a few % at 4700 cm À1 , are larger and more difficult to estimate at 6300 cm
. By contrast, the pressure dependence of the absorption signal in the 4700 and 6300 cm À1 windows has not yet been investigated using FTS for near room-temperature conditions -instead the continuum was derived from measurements made at a single pressure. An investigation of the pressure dependence would provide important evidence as to whether the room-temperature FTS data is related to a bimolecular water vapour self-continuum (as it is currently interpreted to be), or whether it has some other physical, or instrumental, origin. Thus, it is possible that the room-temperature FTS measurements were affected by some unrecognized absorption or attenuation in the large FTS cells, which leads to the 4700 cm À1 and 6300 cm À1 measurements being overestimated. If the 4700 cm self-continuum in room temperature FTS measurements is an overestimate and if (as discussed in Section 3.2.1) the continuum in the 4700 cm À1 and 2500 cm À1 windows are of similar strength, then the self-continuum derived from recent FTS measurements in the 2500 cm À1 window may also be too strong.
Hence there are clear puzzles to be resolved and few measurements with which to compare them (including completely independent FTS/cavity estimates made and analysed in different laboratories). As well as differences in the spectroscopic techniques, there is also a significant difference in the absorption cells, which may play some role. CRDS and OF-CEAS cells are characterised by being rather narrow (about 10 mm diameter) and have a much larger surface-to-volume ratio than for typical FTS absorption cells (diameters of tens of centimetres). Ventrillard et al. [58] briefly discuss this issue in the context of their 4700 cm À1 measurements, and conclude that surface effects do not likely play a role. This seems to be supported by the consistency of the CRDS/OF-CEAS results with the higher temperature CAVIAR FTS measurements performed with a large cell, assuming the simple form of the temperature dependence is correct. Nevertheless it would be reassuring to show that the observed continuum strength is indeed independent of the cell size in both FTS and CRDS/OF-CEAS systems.
Conclusions and possible future directions
From the discussion in Section 3, two main points emerge. The first is the scarcity of laboratory measurements of the nearinfrared water vapour continuum, in conditions close to those relevant to the atmosphere. For the two window regions which are the focus here, and for the self-continuum, only one group has reported cavity-enhanced absorption measurements, at a few selected wavenumbers, and only two groups have reported FTS measurements and, even then, the measurements were analysed using a common method. The situation for the foreign continuum is even sparser, with only one set of FTS measurements and a single wavenumber derivation using CRDS. One group has (rather briefly) reported CI measurements of the total (H 2 O + N 2 ) continuum in very narrow spectral intervals.
While there are some mutually supporting aspects of these analyses, the measured continuum strength in the centres of the 4700 cm À1 and 6100 cm À1 windows at room temperature are in profound (around an order of magnitude) disagreement. There is, as yet, no compelling explanation for these differences; nevertheless the inherent precision of the cavity-enhanced laser techniques would naturally favour their results. The difference is important from an atmospheric perspective. If self-continuum absorption is broadly at the level of MT_CKD2.5, the water vapour selfcontinuum absorption in near-infrared windows would be of limited importance for atmospheric energy budget calculations and analyses of satellite data (although the strengthened foreign continuum (relative to MT_CKD2.5) could still play a role). By contrast, if the continuum were as strong as indicated in the roomtemperature FTS measurements, it would significantly influence both these perspectives. The calculated atmospheric absorption of solar radiation would increase [17, 76] , as would the ''interference" by water vapour for remote sensing of cloud or other parameters [9] . Hence it is important that the reasons for the differences be understood and several routes are needed. The existing methodologies can be improved in many ways to boost the accuracy and the wavelength range of the measurements (see below). The second point is that even measurements at near-room temperature (290-295 K) are hardly representative of the atmosphere -for example, on a zonal (i.e. averaged over all longitudes) and annual mean, the temperature is greater than 290 K only within about 40°of the equator and below about 2 km in height. One key result from current measurements is the apparent variation in the temperature dependence of the self-continuum both with temperature itself, and between windows; hence, the simple extrapolation of existing measurements to lower temperatures is unlikely to be reliable. There is a need to expand the parameter space of laboratory measurements to cover conditions more representative of the atmosphere.
In our opinion, a robust observationally-based water-vapour continuum across broad spectral regions cannot yet be recommended for inclusion on spectroscopic databases such as GEISA and HITRAN. We discuss here how possible technical developments could provide a path for such an inclusion in the future. We stress that there would be a very clear benefit if more measurements and independent analyses were available from other laboratories, even using existing techniques.
Fourier transform spectroscopy
The main source of uncertainty in FTS continuum measurements is baseline stability. The priority is to reduce low frequency noise (drifts). The reduction of single spectral point noise would also be beneficial as it would yield higher signal-to-noise ratio (SNR) and relax the baseline stability time requirements, allowing faster measurements for a given SNR. A number of developments of FTS could improve SNRs which would decrease uncertainties, and also allow the temperature range at which continuum measurements are made to be expanded.
One approach is to move away from traditional halogen tungsten lamps as broadband sources for FTS. For example, supercontinuum light sources (SCLS) are a recent compact way of generating ''white" light over a relatively wide continuous band (e.g. [77] ). SCLS exploits several non-linear effects which occur while a femto-second laser pulse propagates within a photonic crystal fibre. SCLS are particularly well developed and commercially available in the visible/near-infrared part of the spectrum (0.4-2 lm) and are beginning to expand deeper into the infrared. Compared to traditional lamps, SCLS can be several orders of magnitude brighter, and their spatial coherence can be further exploited to increase the path length through higher gain absorption cells that are not suited for incoherent light. For instance, Herriott and Schulte [78] and even astigmatic multipass cells [79] could yield a significant (up to $10 times) increase in path length for a given sample volume. Alternatively, using SCLS combined with cavityenhanced FTS schemes [80] could bring several orders of magnitude improvement in measurement precision.
We report here results from a recent pilot experiment at the Rutherford-Appleton Laboratory (RAL), UK, to examine the potential for coupling SCLS sources (in this case a Fianium SC 400 and a NKT EXW-12) to the same short multi-path cell and FTS used in the CAVIAR measurements. One immediate advantage was that the spatial coherency of the SCLS led to an increased path-length through the cell (i.e. more reflections) from about 18 to 30 m. Wavenumber (cm -1 ) Fig. 9 . Water vapour self-continuum cross-sections at about 400 K in the 4700 cm À1 window, retrieved from FTS measurements using a supercontinuum light source (SCLS), and compared with previous FTS CAVIAR measurements [23] with the same short-path absorption cell, but using a more conventional 50 W quartz tungsten halogen bulb result. The MT-CKD2.5 model continuum at 400 K is also shown. Fig. 9 shows a comparison of the derived self-continuum (at 399 K, at 665 and 900 hPa vapour pressure) with the earlier CAVIAR (402 K, 1046 hPa) results in the 4700 cm À1 spectral region. The SCLS results are in excellent agreement with the earlier CAVIAR measurements; taken as a whole, the three measurements are consistent with the expected pressure-squared dependence of the selfcontinuum.
There are a number of challenges to a full efficient coupling of SCLS to an FTS. One of these is that SCLS are inherently noisy sources. It was not possible to derive the continuum in the 6300 cm À1 window in the pilot experiment, because of insufficient baseline stability. Indeed, while there was an order of magnitude improvement in source brightness, this improvement was not observed in the SNR due to greater excess noise compared to halogen lamps. To achieve a stable background signal, two options have been identified: to implement a feedback loop to stabilize the SCLS power output to better than 0.5%, and/or the development of a real-time baseline referencing through dual-channel detection. The latter solution would be highly efficient in removing instrumental drifts, though baseline drift due to multi-pass cell mechanical and thermal variation would still remain.
As an alternative to SCLS, superluminescent diodes (e.g. [81] ) could be used as the FTS light source. These are readily available from >10,000 to $6000 cm À1 . Typically they exhibit a broadband emission covering $70 cm À1 , and a set of several sources could be multiplexed to investigate part of the 6300 cm À1 window.
Cavity-enhanced laser spectroscopy
An important advantage of FTS is its very wide spectral coverage. Laser methods now allow the coverage of wide spectral regions, in particular in the near-infrared, but at the expense of considerable effort. For instance, the Grenoble team has a collection of about 90 Distributed Feedback laser diodes (DFB) which allow a continuous coverage of the wide 5850-7920 cm À1 region (1.71-1.20 lm). DFB are also available at lower wavenumbers, but are less powerful, reducing to some extent the performance of the CRDS set-ups. Higher frequency regions are accessible with External Cavity Enhanced Laser diodes and continuum measurements by CRDS are planned in the 8000 cm À1 region. Because of the weak value of the continuum in this region, adsorbed water present on the mirror surface may play a role as evidenced in the 6100 cm À1 window [60] . To more precisely quantify the adsorbate contribution in order to more reliably derive the true self-continuum, Grenoble plan to develop a CRDS cavity with an adjustable length. This would allow the relative contribution of adsorbed water and water vapour to be varied while keeping the same set of super mirrors. In this context, additional CRDS (or OF-CEAS) measurements in other laboratories with set-ups using different cells and mirrors would be beneficial.
Other techniques
Other laser spectroscopy approaches would enable further independent measurement approaches. External cavity nearinfrared laser sources are maturing and a few widely tuneable sources could cover the 6300 and the 4700 cm À1 windows with coarse tuning over a range of more than 400 cm
À1
. Direct laser spectroscopy based on these sources, emitting a few mW of optical power, using high gain multi-pass cells, could provide a straightforward solution offering SNR improvement compared to FTS, without the stringent requirement on broadband high reflection coatings needed with cavity techniques.
In the medium term, spectroscopy approaches based on frequency combs may offer significant improvement. Spectrometers based on Fourier transform and direct absorption techniques have been proposed and demonstrated in the near-infrared [82, 83] .
Another potential technique for weak continuum measurement is high-sensitivity optoacoustic spectrometry (OAS) (e.g. [84] [85] [86] ). The sensitivity of the OAS is proportional to the power of the laser used to generate the acoustic signal in the OA cell. Modern diode lasers with output power from 5 to 30 mW in combination with a two-channel OA cell [86] allow sensitivities at the 10 À9 cm À1 level. Such sensitivity would be sufficient for detecting continuum absorption in the 4700 cm
, 6300 cm À1 and even the 8000 cm À1 windows if it is at the level of the room-temperature MT_CKD2.5 continuum. The OAS method has an even greater sensitivity for the foreign continuum when measurements are made at higher (around 1000 hPa) pressures. Nevertheless a drawback of OAS is that it requires calibration using a reference absorption signal.
Atmospheric measurements
The direct measurement of water vapour continuum absorption in the atmosphere is, ultimately, the most direct way of establishing its importance for the planetary radiation budget and remote sensing. There is a long history of such measurements, in the infrared and microwave where the continuum is stronger (e.g. [5, 53, [87] [88] [89] [90] ).
For the weaker near-infrared continuum, measurements are more difficult. Sierk et al. [91] report long-path DOAS retrievals of the continuum at wavenumber greater than 10,000 cm
À1
. Pfeilsticker et al. [92] , using a related approach, claimed the identification of a water dimer absorption feature around 13,400 cm À1 ; subsequent laboratory [93, 94] and theoretical [95] analyses raised serious doubts about this attribution.
There is potential for progress in the near-infrared bands using a variety of approaches. One is via sun-pointing high-resolution spectroscopy (e.g. Ref. [96] ) in which continuum absorption can be retrieved directly, or via Langley analysis of the variation of surface irradiance with solar zenith angle (e.g. Ref. [97] ). There are formidable problems in such analyses beyond those in properly characterising the instrument behaviour itself. These include the characterisation of the atmospheric state (vertical profiles of temperature, humidity, other gases, etc.); the greatest difficulty is aerosol scattering and absorption (and, potentially, the effect of thin undetected cloud), which is also of a continuum nature and which becomes more important at higher wavenumbers. A full characterisation of the aerosol impact is difficult using existing observations, and detailed sensitivity analyses are required. Direct use of solar irradiances is made more difficult because of a significant disagreement (of order 7%) on the incoming top-ofatmosphere near-infrared solar radiation from analyses of recent satellite measurements (e.g. Ref. [98] ).
An alternative approach to using the sun as a source is using horizontal path measurements and laser sources. For example, Rieker et al. [99] demonstrate a frequency-comb spectroscopy technique over 2 km paths for the detection of CO 2 and CH 4 lines. Such approaches could be adapted for water vapour continuum measurements, but many of the difficulties in the sun-pointing approach would remain, and the shorter path lengths would make detection of continuum absorption more difficult.
Theoretical developments
Significant progress has been achieved in recent years both in water dimer theory and in developing links between theoretical predictions and new measurements, as discussed in Section 2.2. One key limitation of present analyses in the near-infrared is the absence of calculations of the rotational structure of the dimer vibrational bands. Section 2.2 also reported the first approaches to quantitative modelling of the contribution of bound and quasi-bound dimers to the self-continuum in near-infrared windows and it is important that these efforts are continued. Recent results appear to show that continuum absorption cannot be fully accounted for by the bound and quasi-bound components, and indicate the need for further theoretical developments. The analysis of experimental selfcontinuum spectra in the millimetre window [36] and the water vapour rotational band (see Tretyakov et al., http://symp.iao. ru/files/symp/hrms/18/presentation_7023.pdf) indicates that only about half of the self-continuum absorption could be attributed to bound and quasi-bound water dimers. This conclusion is reached using a total dimerization constant derived from the experimentally-derived second virial coefficient [100] or from ab initio calculations [101] . A similar result also follows from analysis of the self-continuum spectra in two strong near-IR absorption bands (Ptashnik and Klimeshina, http://symp.iao.ru/files/symp/ hrms/18/presentation_7055.pdf). Because this unexplained absorption is present within bands and windows, it is unlikely that it can be attributed to the far wings of water monomer lines, although it may include a contribution from line absorption closer to the line centre.
Theoretical efforts aimed at understanding this unexplained absorption could include the development of the theory of spectral line ''middle wings" and first-principle calculations accounting for absorption by quasi-bound dimers, for example, similar to the molecular dynamic approach reported by Ref. [102] . Theoretical partitioning of bound and quasi-bound H 2 O-H 2 O and H 2 O-N 2 complexes based either on the molecular statistics approach developed in [30, 42, 103] (and using modern intermolecular potentials) or on direct trajectory calculations [104, 105] , could also be very helpful for clarifying the contribution of different components of bimolecular absorption to the water vapour continuum.
The variation of the temperature dependence of the continuum, both between windows, and as a function of temperature itself, has been highlighted in the measurements. The representation of the continuum in terms of a sum of contributions from bound and quasi-bound dimers [6, 72] gives an insight into the possible physical origin of such complex temperature dependences. The simple exponential form T 2Àn exp(D 0 /kT) [45] should be reliable at low temperatures when absorption by bound dimers dominates. It may be not adequate at higher temperatures when quasi-bound dimers start to dominate the dimer population. The resulting T-dependence can then be a non-trivial combination of the bound-and quasi-bound dimer components (each having their own wavelength and T-dependence). Verification of this hypothesis requires more measurements over wider temperature regions and theoretical development on the expected spectral appearance of quasi-bound dimers in different spectral regions, as well as improved understanding of the unexplained absorption discussed above.
Finally, complexes beyond H 2 O-H 2 O and H 2 O-N 2 (such as H 2 O-O 2 and H 2 O-Ar) have been proposed to contribute to the continuum (e.g. [31] ) and would justify further examination both theoretically and in the laboratory.
